Scavenger receptors (SRs) play crucial roles in innate immunity by acting as pattern recognition receptors. Although SRs are widely documented in mammals, data on their occurrence and functions in ancient vertebrates are limited. In this study, we report, to our knowledge, the first cloning and functional characterization of an SR molecule from teleost fish (Tetraodon nigroviridis). This SR (TnSR) was identified as a homolog to mammalian scavenger receptor class A member 5 with the conserved structure of a class A SR. TnSR contained multidomains in a type II transmembrane receptor, including an SR cysteine-rich domain, two coiled-coil collagenous domains, a transmmebrane domain, and a short N-terminal intracellular region with an unexpected TNFR-associated factor 2-binding consensus motif similar to that in human MSR molecules. Phylogenetic analysis suggested that TnSR may be an ancient member of class A SRs resulting from the close relationship between scavenger receptor class A member 5 and macrophage SR in vertebrates associated with the subtle differences in TnSR structure. Subcellular localization analysis showed that TnSR was a cell membrane receptor with homotrimer forms involved in the recognition and internalization of LPS from surface membranes into lysosomes. Functionally, TnSR expression was dramatically induced by LPS stimulation. TnSR served as a negative regulator in LPS-induced NF-kB activation by the competitive recruitment of TNFR-associated factor 2 from the TNF-a signaling pathway. To our knowledge, this is the first report showing that SR plays an inhibitory role in LPS-elicited inflammation by cross-talking with the TNF-a inflammatory pathway. These findings contribute to a better understanding of the biological and evolutionary history of the SR family. The Journal of Immunology, 2012, 189: 4024-4039. P attern recognition receptors (PRRs) are a large family of molecules involved in the recognition of pathogen-associated molecular patterns (PAMPs), a variety of highly conserved surface structures presented in microbes (1) . To a great extent, this specific strategy evolved as the most important part of innate immunity that can help the host rapidly discriminate non-self molecules and defend against invading pathogens in the early infection. Thus far, numerous PRRs have been identified, including Toll-like receptors, NOD-like receptors, RIG-like receptors, C-type lectin receptors, mannose receptors, and scavenger receptors (SRs). Among them, SRs are some of the earliest discovered PRR family members, which consist of a large subfamily sharing the ability of modified low-density lipoprotein recognition (2) . The SR subfamily is divided into eight different classes (A-H) according to their similarities in multidomain protein structure (3) . They are expressed by various cell types, including myeloid cells, selected endothelial cells, and epithelial cells. Since Brown and Goldstein proposed the concept of SRs in 1979, many studies have initially focused on their roles in lipid metabolism and contribution to lipid metabolismrelevant disorders, such as atherosclerosis and Alzheimer's disease (4) . However, recent studies indicate the importance of SRs in host defense against invading pathogens supported by observations that SRs in higher vertebrates can bind many microbial structures apart from an array of endogenous molecules.
Until recently, knowledge on the SR subfamily, including its possible roles in host immunity, mainly came from investigations of class A members in the mammalian system. Class A SRs are composed of the macrophage SR (MSR) containing two splice variants, SR-AI and SR-AII, the macrophage receptors with long collagenous structure (MARCO), the SR with c-type lectin domain (SRCL/collectin placenta protein-1 [CL-P1]), and the SR class A member 5 (SCARA5). The first study on SR involvement in host defense indicates that MSR binds with the purified lipid A moiety of LPS derived from the Gram-negative bacterium Escherichia coli (5) . Subsequently, the lipoteichoic acid of some Gram-positive bacteria such as Staphylococcus aureus was also shown to be recognized by MSR depending on the exposed negative surface charge (6) . Recently, unmethylated CpG DNA and several outer membrane proteins of bacteria, such as Neisseria meningitidis and Klebsiella pneumoniae, have been identified as ligands of MSR and MARCO (7) (8) (9) (10) (11) . These two receptors are also found to mediate the direct nonopsonic phagocytosis of several bacteria and viruses, including S. aureus, E. coli, N. meningitidis, Streptococcus pneumoniae, and adenovirus (12) (13) (14) (15) (16) .
Other investigations propose the possible anti-inflammatory role of class A SRs in bacterial infection. MSR-or MARCO-deficient mice (MSR 2/2 or MARCO 2/2 ) are more susceptible to Listeria monocytogenes and S. aureus, resulting in impaired bacteria clearance, as that observed in pneumonia (8, 14, (17) (18) (19) . The MSR 2/2 mice are found susceptible to endotoxic shock to additional LPS challenge with increased proinflammatory cytokine secretion (20) . However, there is a conflicting observation that the protective role of MSR against endotoxin shock is due to the enhanced IL-1b production by macrophages (21) . Human SRCL-I and SCARA5 expressed in vascular endothelial and epithelial cells have been implicated in antifungal defense (22) as well as the recognition of bacteria such as E. coli and S. aureus (23) . These observations indicate that SR family members are involved in host defense as PRRs by the recognition of microbial pathogens, modulation of inflammatory cytokine production, and initiation of innate immunity. However, further in-depth studies are still needed to verify these suggestions. Several previous investigations have shown that SR-like molecules may also exist in teleost fish. For example, by competitive binding assays using mAb against mouse SR-AI molecule and polyvinyl sulfate or dextran sulfate (two known ligands binding to mammalian SR-A), a SR-like protein was detected on the membrane of nonspecific cytotoxic cells in Ictalurus punctatus (24) . Similar results are also seen in head kidney sinusoidal cells and macrophages in Oncorhynchus mykiss (25) (26) (27) and Gadus morhua (28) (29) (30) . These SR-like molecules are found to be involved in the phagocytosis of dinitrophenylated human serum albumin and beads coated with labeled protein (25) (26) (27) . However, the molecular identification of these homologous genes in teleost fish is still insufficient, and function of these receptors in innate immunity remains incompletely characterized. Alternatively, as a key component of the Gram-negative bacteria cell wall, LPS is considered to be the major factor of septic shock in infectious diseases. LPS is capable of producing toxic manifestations in hosts, resulting in strong inflammation. TLR4 is widely approved as a critical PRR for recognizing LPS and initiating innate immune responses in mammals (31) . Higher animals are extremely sensitive to LPS even at low doses, at times leading to lethal effects. However, endotoxin shock does not occur in fish, although LPS can trigger fish leukocytes to produce powerful inflammatory mediators such as TNF-a and IL-1b (32, 33) . All fishes, except zebrafish and rare minnows, have been shown to lack TLR4 and the essential costimulatory molecules for LPS activation via TLR4, such as myeloid differentiation protein 2 and CD14 in genomes (34) . However, two TLR4-like molecules in zebrafish are not the functional analogs to their mammalian counterparts because they cannot recognize and respond to LPS (35, 36) . Thus, we hypothesized that a different mechanism with a different inflammatory signaling pathway may be involved in LPS-stimulated immune response.
To shed light on LPS resistance in fish, we report, to our knowledge, the first molecular cloning and characterization of an SR molecule in Tetraodon nigroviridis (designated as TnSR). Phylogenetic analysis revealed that TnSR was homologous to mammalian SCARA5, but subtly distinct in both protein structure and subcellular localization. In vivo and in vitro functional characterization demonstrated that TnSR was an LPS recognition molecule involved in endotoxin phagocytosis and clearance. TnSR also served as a negative regulator of NF-kB signaling upon LPS stimulation. This inhibitory effect was caused by competitive interaction with TNFR-associated factor (TRAF)2, an important adaptor for TNF-a signaling triggered by LPS. To our knowledge, this report is the first to show that an SR family member played a negative regulatory role in LPS-induced inflammation by cross-talking with another inflammatory signaling pathway by competing with an adaptor molecule. The findings provide an insight into the novel function of SRs in the immune response to LPS in fish, and they contribute to a better understanding of the biology of SR members as well as the evolutionary history of SR subfamilies from the ancient teleost vertebrate to mammals as a whole.
Materials and Methods

Experimental fish
One-year-old wild-type spotted green pufferfish (T. nigroviridis) and AB zebrafish (Danio rerio) weighing ∼3.0-6.0 and 0.5-1.0 g, respectively, were kept in recirculating water at 26-28˚C. They were fed with commercial pellets and frozen red worms twice a day. They were held in the laboratory for at least 2 wk with healthy appearance and normal activity before use in the studies.
Molecular cloning
Total RNA was extracted from kidney and spleen tissues with TRIzol reagent (Invitrogen) and reverse transcribed into first single-stranded cDNA (Takara Bio). Full-length TnSR was generated by PCR with primers according to the genome database from the University of California at Santa Cruz and the National Center for Biotechnology Information (http://www. ncbi.nlm.nih.gov), as shown in Table I . The encoding sequences of Tetraodon TRAF2 (TnTRAF2), Tetraodon MyD88 (TnMyD88), and zebrafish TNF-a (D. rerio TNF-a) were amplified using primers designed according to the human TRAF2 sequence (NM021138), human MyD88 sequence, and zebrafish TNF-a sequence (NP998024), respectively (37) . The PCR products were purified using a gel extraction kit (Qiagen), ligated into a pGEM-T easy vector (Promega), and transformed into competent E. coli TOP10 cells (Invitrogen). Plasmid DNA was purified using a plasmid Miniprep kit (Qiagen) and sequenced on an ABI 3730 sequencer (Invitrogen).
Sequence analysis
Potential functional motifs were searched by SMART and eukaryotic linear motif resource for functional sites in proteins at the PROSITE database (http://www.expasy.ch/prosite/). Protein sequence alignments were performed using the ClustalW program (version 1.83). The phylogenies of protein sequences were estimated with MEGA 3.0 using the neighborjoining method. Gene organizations (intron/exon boundaries) were elucidated by comparing the SR cDNAs of fish and other species with genome sequences. Figures were drawn by using GeneMapper 2.5 (http://genemaper. googlepages.com).
Expression constructs
The sequence-encoding extracelluar region of TnSR was subcloned into pET32b (Invitrogen) to construct the prokaryotic expression vector pET32-TnexSR to obtain the recombinant soluble extracellular domain of TnSR (TnexSR). The full coding sequence of TnSR was subcloned into pEGFP-N1 (Clontech) and pcDNA6/myc-His B (Invitrogen) to construct the eukaryotic expression vectors pEGPF-TnSR and pcDNA6-TnSR to obtain the recombinant fusion of TnSR proteins with enhanced GFP (EGFP) and myc tag at the C-terminal, respectively. The TnTRAF2, TnMyD88, and DrTNF-a encoding sequences were subcloned into pCMV-Tag2B (Invitrogen) to construct pCMV-TnTRAF2, pCMV-TnMyD88, and pCMVDrTNF-a vectors for the expression of Flag-tagged TnTRAF2, TnMyD88, and D. rerio TNF-a fusion proteins. All primers used for construct generation are shown in Table I ; all constructs were sequenced to verify the correct sequences and orientations. chloramphenicol (100 mg/l) and kanamycin (25 mg/l), incubated at 37˚C until OD 600 reached 0.6, and then shaken overnight at 100 rpm and 20˚C with 0.01 mmol/l isopropyl b-D-thiogalactoside. The expression level of TnexSR was determined by a 12% SDS-polyacrylamide gel, followed by Coomassie brilliant blue R250 staining. The recombinant protein was purified by Ni-NTA agarose affinity chromatography according to the QIAexpressionist manual (Qiagen). The Bradford method was used to measure the concentration of purified protein.
Polyclonal Ab preparation
Male New Zealand White rabbits, 4-6 wk old and weighing 2.0-2.5 kg, were immunized with 100 mg purified TnexSR protein in CFA initially, and in IFA four times thereafter at biweekly intervals. The anti-serum was collected after the last immunization, and Ab titers were determined by microplate-based ELISA on TnexSR protein absorbed in the solid phase. The Ab was affinity purified into IgG isotypes by a protein A-agarose column (Qiagen) and a membrane-based Ag-absorbent protocol as previously described (38) . Western blot analysis was performed to characterize the specificity of the Ab to the Ag protein.
Cell isolation, culture, and transfection Tetraodon leukocytes were freshly isolated from head, kidney, and spleen tissues by Lympholyte-H and -M (volume ratio, 3:1; density = 1.081) (Sango). Cell suspensions were centrifuged for 20 min at 2300 rpm to remove erythrocytes and debris. The leukocyte-rich interphase was collected, washed twice in PBS, and resuspended in RPMI 1640 supplemented with 10% (v/v) FCS (Biowest, Nuaille, France), 100 U/ml penicillin, and 100 mg/ml streptomycin, and finally cultured at 28˚C. Human embryonic kidney 293 (HEK293) cells were maintained in DMEM (high glucose; Biochrom, Berlin, Germany) supplemented with 10% FCS, penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37˚C in 5% CO 2 . For transfection assays, cells (1 3 10 5 /ml) were seeded onto 24-well plates to allow growth until 80% confluence on the day of transfection. The cells were then transiently transfected with 80 ng pEGPF-TnSR or pcDNA6-TnSR constructs in Opti-MEM I medium without serum and antibiotics using 2 ml Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions. After 4-6 h, the medium was replaced with complete DMEM plus 10% FCS. After 24 h, cells were collected for expression or subcellular localization analysis. The controls were HEK293 cells transfected by empty vectors.
Real-time PCR for expression analysis
Total RNA from HEK293 cells transfected with the TnSR gene or from selected tissues, including the liver, intestine, spleen, kidney, skin, gill, muscle, and brain in normal or LPS-stimulated fish (E. coli O55:B5, 2 mg/ fish; Sigma-Aldrich), was isolated and transcribed into first-strand cDNA with oligo(dT) 18 as described above. Real-time PCR (the primers used are shown in Table I ) was performed with a Mastercycler ep realplex instrument (Eppendorf) using a SYBR Premix Ex Taq kit (Takara Bio) following the manufacturers' instructions. The reaction mixtures were incubated for 10 min at 95˚C, followed by 40 cycles of 15 s at 95˚C, 1 min at 60˚C, and 15 s at 95˚C. Relative gene expression was determined by the 2 2DCt method with initial normalization of TnSR against b-actin. In all cases, each PCR trial was performed with triplicate samples and repeated at least three times.
Immunofluoresence staining
Tetraodon leukocytes were fixed with ice-cold methanol at room temperature for 10 min. The cells were permeabilized without or with 0.5% Triton X-100 at room temperature for 10 min, blocked with 5% goat serum for 30 min at 37˚C, and incubated with rabbit anti-TnexSR Ab (1:400 dilution) followed by DyLight 549-conjugated goat anti-rabbit IgG (1:1500 dilution; Jackson ImmunoResearch Laboratories). For control staining, normal rabbit IgG was used in place of primary Abs. The cell nucleus was stained with 0.1% DAPI (Invitrogen) at room temperature for 3-5 min. All results were captured by a confocal laser scanning microscope (LSM 510; Carl Zeiss) with a 363 lens and 33.6 zoom for leukocyte observation.
Subcellular localization
The subcellular localization of TnSR in Tetraodon leukocytes naturally expressing the receptor molecules or in HEK293 cells ectopically expressing the TnSR molecules was analyzed. For HEK293 cells, the pEGFP-TnSR and pcDNA6-TnSR vectors were transfected into cells. Fluorescence from the EGFP-TnSR fusion protein was observed under a confocal laser scanning microscope (LSM 510) with a 363 lens after fixing with 2% paraformal- 
Western blot analysis
The TnSR proteins from TnSR-transfected HEK293 cells and zebrafish embryos, as well as from selected Tetraodon tissues in normal or LPSstimulated fish, were lysed in lysis buffer (20 mM Tris [pH 8.0], 1% Triton X-100, 0.1% NaDodSO 4 , 150 mM NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM PMSF, and protease inhibitor mixture). The proteins were separated by 12% SDS-PAGE under reduced or unreduced conditions and transferred for 120 min at 200 mA onto polyvinylidene difluoride membranes (Roche) followed by overnight blocking with PBST containing 5% BSA (w/v) at 4˚C. Blots were probed with rabbit anti-TnSR Ab or rabbit anti-Flag Ab (MBI Fermentas) and HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology) and developed with ECL reagents (GE Healthcare) according to the manufacturers' protocols.
ELISA for LPS and T. nigroviridis SR binding in vitro
Different concentrations (0.125, 0.25, 0.5, 1, 2, and 4 mg in 100 ml/well) of LPS (E. coli O55:B5; Sigma-Aldrich) in PBS (pH 7.4) were coated onto the microtiter wells overnight at 4˚C. After blocking with PBS containing 2% BSA (w/v) for 2 h and washing three times, the wells were incubated with 100 ml 2.5 and 5 mg/ml TnexSR (soluble recombinant of the extracellular region) per well in PBST buffer (PBS buffer, 0.05% [v/v] Tween 20) for 2 h at 37˚C. After washing the plates, rabbit anti-TnexSR Ab was added to the respective wells for 2 h at 37˚C followed by incubation with HRP-conjugated goat anti-rabbit IgG (1:10,000 dilution) for 30 min. Finally, color was developed by tetramethylbenzidine and H 2 O 2 as substrates, and OD 450 was read by an ELx800 absorbance microplate reader (BioTek Instruments).
FACS for leukocytes responding to LPS
Tetraodon leukocytes (10 6 cells/ml) were preincubated with anti-TnexSR Ab and normal rabbit IgG as isotype control for 30 min at 28˚C and then treated with 2, 5, and 10 mg FITC-conjugated LPS (FITC-LPS; E. coli O55:B5; Invitrogen) for 30 min at 28˚C. After washing five times with icecold PBS to remove unbound LPS, the cells were fixed in 4% paraformaldehyde. Binding and/or internalization was quantified on a cytometer (FACSCalibur; BD Biosciences) at 488 nm emission. For each sample, at least 10,000 individual cells were recorded using a dot plot combination of low angle forward-scattered and right angle side-scattered laser light.
Construction of T. nigroviridis SR mutant
Site-specific mutagenesis was performed using the overlapping PCR protocol. For this, the glutamine residue at position 13 (Glu 13 ) in the TnSR molecule was substituted by aspartic acid (Asp 13 ). Two pairs of primers (Mu-F/Mu-R1 and Mu-F2/Mu-R shown in Table I ) were used to amplify two fragments (A and B) of mutant sequence upstream and downstream of nucleotides corresponding to the Asp 13 site. Finally, fragments A and B were fused by overlap PCR using primers Mu-F and Mu-R containing BamHI and XhoI cutting sites to generate the complete TnSR mutant sequence. This mutant sequence was then subcloned into pcDNA6/myc-His B between the BamHI and XhoI sites and named pcDNA6-TnSR-Mu. The construct was sequenced to verify the correct sequences and orientations.
Coimmunoprecipitation
One-cell-stage zebrafish embryos were coinjected by plasmids pcDNA6-TnSR (or pcDNA6-TnSR-Mu) and pCMV-TnTRAF2 with 1.2 mg/ml LPS or PBS. Eggs were harvested after 24 h and treated with 200 ml lysis buffer for 15 min at 4˚C. After centrifugation for 10 min at 14,000 rpm, the supernatant was transferred to adjust the concentration to 5 mg/ml and incubated at 4˚C overnight with 1.5 mg rabbit anti-TnexSR Ab or rabbit IgG as a negative control. Subsequently, 30 ml protein A-agarose beads (Sigma-Aldrich) was added with shaking for 4 h at 4˚C, and washing three times with PBS was performed. The precipitants were denatured in loading buffer to be separated on 12% SDS-PAGE and analyzed by Western blot assay.
Luciferase assay of NF-kB
Different concentrations of the expression plasmids pcDNA6-TnSR (or pcDNA6-TnSR-Mu) and/or pCMV-TnTRAF2, as well as NF-kB luciferase reporter construct at 250 ng/ml (Clontech) and pGL-TK Renilla luciferase internal control at 10 ng/ml (Clontech) with LPS or pCMV-DrTNF-a were mixed in PBS with 0.05% phenol red solution (pH 7.4) and microinjected (4-6 nl/egg) into the yolk sac of one-cell-stage zebrafish embryos. About 24 h postinjection, the firefly and Renilla luciferase activities of 50 eggs per group were measured using a Dual-Luciferase reporter assay system (Promega). The relative luciferase activity unit (RLU) was determined as the ratio of firefly luciferase activity divided by the Renilla luciferase activity. Empty vector controls were simultaneously performed using the empty vector and respective diluents with PBS.
Statistical analysis
Statistical evaluations of the differences between the means of experimental groups were conducted by ANOVA and multiple Student t tests. A p value ,0.05 was considered statistically significant. Datum points represent the means of three independent experiments.
Results
Identification of T. nigroviridis SR gene
According to the chromosome synteny of SR family members between humans and Tetraodon, a class A SR family member homogeneous to SCARA5 was predicted in Tetraodon. This gene was subsequently cloned from Tetraodon using primers designed based on the predicted sequence. Although several studies have implied the presence of SR-like molecules in fish, this is the first SR homolog cloned from fish to the best of our knowledge, and it was named TnSR. Genes within the vicinity of the TnSR locus on chromosome 14 were overall coincident with those of the human SCARA5 gene, although a shift of Elp3 was found (Fig. 1B) . The TnSR cDNA comprised 794 bp 39-untranslated region and 6 bp 59-untranslated region with an atypical polyadenylation signal (AGTAAA) and a 1494-bp open reading frame that encoded 497 aa with a predicted protein molecular mass of ∼55 kDa (Fig. 2) . A comparison of the full-length TnSR cDNA and its corresponding genomic sequence revealed that the TnSR gene was found to contain 11 exons and 10 introns on the rules of exon/ intron boundary (Fig. 1A) . This organization pattern slightly differed from those of human and mouse SCARA5 genes, both of which included eight exons and seven introns. In human and mouse SCARA5 genes, the third exon spans 675 bp, which is the total sum of the third to sixth exons in the length of the TnSR gene. This phenomenon is also observed in homologous genes in other fish species, such as the three-spined stickleback (Gasterosteus aculeatus) (Fig. 1A) . Hence, exon combination events may occur among the third to sixth exons during the divergence from bony fish to mammals.
Characterization of T. nigroviridis SR structures
Using the SMART program, the deduced amino acid sequence of TnSR was predicted to be a multidomain type II transmembrane protein with the characteristic organization of class A SR having predicted domains: a short N-terminal cytoplasmic domain (residues 1-60), a transmembrane domain (residues 61-83), two coiledcoil domains (residues 127-157 and 199-224), a collagenous domain (residues 306-389), and an SR cysteine-rich domain (SRCR; residues 396-496) (Fig. 2) . TnSR had two short coiled-coil regions, but no such structure was predicted in human and other mammalian SCARA5. The coiled-coil structure may be essential for trimerization of human MSR receptor, which contains a long coiled-coil region with 78 aa residues at 178-255 (39), but murine The Journal of ImmunologySCARA5 can also be expressed with trimeric forms in CHO cells (23) . Interestingly, the coiled-coil structure of TnSR was encoded by exons 3-6, and the number of this structure was decided by the presence of exon combinations. Therefore, the exact role of the coiled-coil structure in TnSR molecule still requires elucidation. The collagenous domain of TnSR started at the position of Gly 306 with the triplet of Gly-Pro-Pro, which was absolutely conserved in MSR and SCARA5 of all species. TnSR also had 28 repeats of Gly-Pro-Pro, which was slightly higher than the 20 and 23 repeats in human MSR and SCARA5 molecules, but lower than the 60 repeats in the human MARCO molecule. The SRCR domain is a highly conserved and characteristic structure among all members of class A SR. The SRCR domain of TnSR had 73.93% overall amino acid identity with mammalian MSR and SCARA5. It spanned 100 aa and contained six conserved cysteine residues that were spatially conserved with mammalian MSR, SCARA5, and MARCO molecules connected by three intradomain disulfide bonds typically at residues 421-485, 434-495, and 465-475, respectively.
Analysis by eukaryotic linear motif resource for functional sites in proteins revealed that the cytoplasmic part of TnSR contained a major TRAF2-binding consensus motif at residues 10-13 (T-Y-E-E). This TRAF2-binding motif was also called TRAF2-interacting motif, which was critical for the signal transduction of the TNFR superfamily. This structure is also present in the cytoplasmic domain of human MSR, but not in human MARCO All SR homologs are type II transmembrane receptors with a short cytoplasmic tail, transmembrane domain, coiled-coil domain, collagenous domain, and SRCR domain. The SRCR domain is highly conserved among all molecules, except for SRCL containing c-type lectin domain at the Cterminal. In contrast to human SCARA5 and MARCO, TnSR contains two short coiled-coil domains, and MSR has a long coiled-coiled domain. However, SRCL has three short coiled-coil domains. The TRAF2-binding consensus domain is predicted in the cytoplasmic region of TnSR, but not in human SCARA5 and MARCO. One TRAF2-binding consensus domain is found in SRCL, and two TRAF2-binding consensus domains in the intracellular and extracellular regions, respectively, are included in human MSR.
lysosomal sorting signals found in many endocytic receptors or proteins, such as transferrin receptor as well as lysosomal membrane proteins 1 and 2 (40) . One such motif was also found in the transmembrane region of mammalian MSR, MARCO, and SCARA5. Therefore, the Y-X-X-[LMVIF] motif is widely distributed in SRs, which may be essential for the internalization of PAMP molecules from surface membranes to lysosomes. Some other functional sites (e.g., the two functional amino acids Thr 10 and Ser 18 ) that served as the consensus recognition sites for protein kinase C isoforms and casein kinase 2 were also predicted in TnSR as well as in human and mouse SCARA5 molecules.
Phylogenetic analysis of T. nigroviridis SR
Phylogenetic analysis revealed a total of 40 SR subfamily molecules, including most members of eight classes (A-H) from different species. TnSR was classified into a solitary cluster with mammalian SCARA5 homologs. Interestingly, the SCARA5 cluster was located close to the cluster of MSR in species published in GenBank, suggesting a close genetic relationship between SCARA5 and MSR molecules in vertebrates. These two separate clusters were from the same branch and formed an exclusive group different from the MARCO and SCARA3 clusters (Fig. 3B) . Multiple sequence alignment showed that TnSR shared 48.9 and 48.7% amino acid identities with human and mouse SCARA5, as well as 31.6 and 23.0% identities with human MSR and MARCO (Fig. 3A) . The similar genomic synteny existing between TnSR and SCARA5 genes indicated that TnSR in teleost fish was homologous to mammalian SCARA5. Alternatively, bioinformatic analysis presented no evidence indicating the existence of the other two class A SRs, MSR and MARCO, in the genome of bony fish. There were subtle differences of domains and motifs found between TnSR and mammalian MSR/ SCARA5 molecules despite an overall similarity in their structures (Fig. 1C) . Some events, including coiled-coil code sequencing in the genome merge in MSR or loss in SCARA5, as well as TRAF2-binding consensus motif loss in MSR and SCARA5, clearly occurred among these molecules. Given that a single class A SR molecule appeared in fish, TnSR can be reasonably suggested to resemble an ancient member of the class A SR family, from which mammalian SCARA5 and MSR molecules originate. 
Preparation of recombinant T. nigroviridis SR protein and Ab
The extracellular region with the C-terminal of TnSR (TnexSR) was expressed in E. coli as a soluble protein with a predicted molecular mass of 64 kDa. This recombinant protein was purified by Ni-NTA agarose affinity chromatography and examined by SDS-PAGE (Fig. 4A) . Ab for the TnexSR recombinant was affinity purified from immunized rabbit serum. ELISA and Western blot analysis showed that the purified anti-TnexSR Ab had an average titer .1:10,000, and it efficiently binds to both recombinant TnexSR proteins (Fig. 4B) and TnSR proteins from tissue extracts (Fig. 5A ). (Fig. 4B) . However, upon reduction with 2-ME, the 220-kDa band collapsed into a single band of ∼65 kDa, suggesting the depolymerization of TnSR from the trimeric into the monomeric form. This findings is in accord with results of murine overexpressed SCARA5 in CHO cells (23) , indicating that TnSR may also be a homopolymer composed of three identical polypeptides. This observation was consistent with the description of the class A SR characteristic of trimeric transmembrane protein.
Trimerization analysis of T. nigroviridis SR
To examine whether TnSR was naturally expressed at trimeric forms in cells similar to its homologs in humans and other mammals, plasmid (pcDNA6-TnSR)-encoding fusion protein with a myc-tag at the C-terminal of the receptor was transfected into HEK293 cells. TnSR expression was detected by Western blot analysis using the anti-myc Ab. Two major bands with molecular masses of ∼65 and 220 kDa that corresponded to the monomeric and trimeric TnSR forms, respectively, were identified under nonreducing conditions
Tissue distributions of T. nigroviridis SR
Real-time PCR and Western blot analysis were used to analyze the tissue distributions of TnSR at both mRNA transcript and protein levels. TnSR was detectable in almost all examined tissues, namely, liver, intestine, spleen, kidney, skin, gill, muscle, and brain (Fig. 5A) . Remarkably, TnSR protein was strongly expressed in skin, gill, and intestine tissues, which are typical immunerelevant tissues in mucosa-related systems. The results of realtime PCR were well consistent with those of the Western blot analysis. The TnSR protein detected from tissue extracts (under reducing conditions) had a molecular mass of ∼65 kDa, which was also consistent with that of TnSR expressed in the pcDNATnSR-transfected HEK293 cells described above.
LPS upregulated T. nigroviridis SR expression
To confirm the relationship of TnSR with the immune response to the endotoxin of Gram-negative bacteria, LPS-induced TnSR expression analysis was performed. Real-time PCR showed that after stimulation with LPS (2 mg/fish) for 18 h, the expression levels of TnSR in most tissues were upregulated to different extents compared with untreated groups. The levels of TnSR transcript in spleen, muscle, brain, and kidney were dramatically upregulated. TnSR mRNA expression was induced by ∼82.3 6 3.2-fold in spleen, 37.8 6 5.7 in muscle, 12.4 6 3.1 in brain, and 3.8 6 0.1 in kidney after LPS stimulation (Fig. 5B) . The upregulation of TnSR expression in the spleen and kidney, the two most important immune-related fish tissues, together with the wide tissue distribution pattern of TnSR, suggested that this receptor played critical roles in inflammation defense triggered by Gram-negative bacteria or in LPS-mediated immune responses. However, the increased transcript signals in muscle and brain need further study.
Subcellular localization of T. nigroviridis SR
To investigate the subcellular localization of TnSR, EGFP-labeled and myc-tagged TnSR constructs (pEGFP-TnSR and pcDNA6-TnSR) were transfected into HEK293 cells. The localization signal of TnSR was detected by EGFP fusion protein with green fluorescence, or by immunofluorescence staining with secondary Abs against primary anti-TnexSR Abs with red fluorescence under Triton X-100 treatment or not. The localization signal was found to be distributed clearly both on the cell surfaces and in the cytoplasm (Fig. 6A, 6C, 6D ). The green signal on cell surfaces was confirmed to be well colocalized with the membrane-specific indicator DiI (Fig. 6E ). This finding indicated that TnSR was distributed both in the cell membrane and cytoplasm in most "rest" cells (unstimulated with LPS), similar to that of murine SCARA5 receptor with EGFP in CHO cells (22) . However, after stimulation with LPS (10 mg/ml) for 15 min, the major TnSR signal was found to distribute on the cell membrane (Fig. 7B) . The TnSR signal began to go back to the cytoplasm and accumulated around the nucleus after 30 and 45 min LPS stimulation (Fig. 7C, 7D ), which can be well colocalized with a lysosome tracker (Fig. 7E) at 30 min. These results showed a kinetic change in the TnSR signal from the cytoplasm to the cell membrane, as well as its return to the cytoplasm again after LPS stimulation. Hence, TnSR may be predominantly preserved in the cytoplasm after synthesis, and it is recruited onto the cell membrane in response to LPS stimulation. The subsequent redistribution of TnSR into lysosomes in the cytoplasm suggests its involvement in the transfer and elimination of LPS. As a result, a TnSR-mediated endocytosis may have been driven by LPS, and TnSR molecule was recycled during this process. However, the exact molecular mechanisms underlying TnSR-mediated endocytosis recycling induced by LPS remain to be further clarified. Apart from being assayed in HEK293 cells, a natural distribution analysis of TnSR was performed in Tetraodon SRB2 (NP775366), Drosophila Sr-CI (NP477102), Drosophila Sr-CII (NP524720), Drosophila Sr-CIII (NP524747), Drosophila Sr-CIV (NP608789), human SREC1 (NP003684), human SREC2 (NP699165), mouse SREC2 (NP722485), human STAB1 (AAI50251), human STAB2 (NP060034), human CXCL16 (AAQ089268), human CD163A (AAH51281), mouse CD163A (AAI45794), human CD163B (NP777601), pig WC1 (NP001116565), mouse Fcrls (NP0109632), human SRB4D (NP542782), mosquito SR (XP001869912), sea urchin SR (NP999764). leukocytes, and a similar distribution pattern was observed (Fig.  6B) .
In vitro binding assay for T. nigroviridis SR and LPS
To illustrate TnSR as an LPS recognition receptor, an in vitro binding assay was performed by quantitative ELISA. Different concentrations of purified TnexSR recombinant protein and LPS from E. coli O55:B5 were used for this purpose. As expected, the combinations between the two molecules (as determined by OD 450 values) significantly increased with increased TnexSR protein or LPS. For example, increased binding activities were detected with increased TnSR protein from 2.5 to 5 mg/ml. Accordingly, increased binding activities were also detected with increased LPS from 1.25 to 20 mg/ml with designated TnSR proteins. This result suggested that TnSR bound with LPS in a dose-dependent manner. Given that enhanced combinations were no longer observed at 20-40 mg/ml LPS, the optimized concentration of LPS in the assay was considered to be 1.25-20 mg/ml. In contrast, in the PBS mock controls, the OD 450 values at very low base levels were unchanged after binding with LPS at different concentrations (Fig. 8) . Hence, TnSR was able to bind with LPS via its extracellular region, and LPS, a polyanion molecule that is a typical Ag from Gramnegative bacteria, was a ligand of TnSR.
T. nigroviridis SR in leukocytes was involved in LPS recognition
The in vitro binding assay showed that TnSR was able to bind to LPS. To obtain further evidence, an in vivo functional binding assay was performed on leukocytes isolated from spleen and kidney tissues. The performance of TnSR-mediated binding and/or internalization of LPS was examined by blocking the receptor with anti-TnexSR Ab. Fig. 9E shows that most leukocytes had highly expressed TnSR protein, and FITC-LPS was dramatically internalized by TnSR-positive leukocytes under a confocal laser scanning microscope. FACS analysis revealed that the population of leukocytes was determined according to the forward light scatter and side light scatter parameters described in zebrafish (41) , and FITC-LPS led to increased percentages of leukocytes with fluorescence in a dose-dependent manner (from 8.65 6 0.37, to 11.34 6 0.14, and to 27.2 6 2.12%) at different concentrations (2, 5, or 10 mg/ml, respectively) compared with the negative controls (Fig. 9A, 9C ). After pretreatment with 15 and 20 mg/ml anti-TnexSR Ab, the percentages of positive fluorescent cells were significantly (p , 0.05 or p , 0.01) dropped by 42.4 6 0.05 and 71.1 6 0.04% (p , 0.05 or p , 0.01) compared with the FITC-LPS-treated alone (2 mg/ml) group. In contrast, no significant decline was observed in the rabbit IgG isotype-treated (25 mg/ml) control (Fig. 9B, 9D) . These results supported the conclusion that TnSR distributed in leukocytes was largely involved in the recognition and internalization of LPS. 
T. nigroviridis SR did not mediate direct signaling
The structural characterization of TnSR showed that it contained only a short intracellular region with 60 aa residues, which lacked the essential domains for signal transduction, such as the Toll/IL-1R domain in TLR. This finding suggested that TnSR may lack the ability for direct signal transduction. To verify this deduction, HEK293 cells were cotransfected with pcDNA6-TnSR (400 ng/ ml) and dual luciferase reporter plasmids (NF-kB luciferase reporter at 100 ng/ml and pGL-TK Renilla luciferase internal control at 10 ng/ml) followed by challenge with LPS (10 mg/ml) for 6 h and RLU measurements. As expected, no induction of NF-kB activation was detected in both TnSR-expressed cells and nonexpressed cells in response to LPS stimulation. In contrast, the expression of TnMyD88 resulted in an 8.27 6 1.3-fold activation of an NF-kB luciferase reporter in the positive control (p , 0.01) (Fig. 10A) . These results supported previous reports that no NFkB activation was detected in HEK293 cells in response to LPS stimulation because they lack MD2, CD14, and TLR4, the initiators of the LPS-induced NF-kB signaling pathway (33) . In contrast, MyD88 is a key adaptor in the MyD88-dependent TLR4 signaling pathway that is able to activate its downstream signaling directly, resulting in the activation of NF-kB (42) . Therefore, TnMyD88 expressed in HEK293 cells can upregulate NF-kB activation. This result indicated that although lacking TLR4, the other pathway members remained complete in HEK293 cells. Therefore, the failure in signal transduction may be due to the inability of TnSR itself, rather than the deficiency of the intact signaling cascade. The result also indicates the existence of functional conservation between human and fish MyD88 molecules (43) .
T. nigroviridis SR interacted with TRAF2
Although TnSR failed to transduce LPS-triggered signaling, it possessed a major TRAF2 interacting motif in its intracellular region. This result implied that TnSR may still play a role in LPSinduced inflammatory responses by interacting with TRAF2. To confirm this hypothesis, the interaction between TnSR and TnTRAF2 molecule was analyzed by coimmunoprecipitation in a zebrafish embryo model. The pcDNA6-TnSR and pCMVTnTRAF2 constructs were coinjected into the one-cell-stage embryos for 24 h, and TnSR and TnTRAF2 proteins were precipitated with anti-TnexSR Ab and detected by Western blot analysis with Ab against Flag tag fused to TnTRAF2. The interaction signals of TnSR and TnTRAF2 complex were detected from embryos stimulated with LPS, even under nonstimulated (empty vector control) conditions (Fig. 10B) . However, no interaction signal was detected in a similar coimmunoprecipitation analysis when precipitated with normal rabbit IgG as the control Ab (Fig. 10B) . This finding provided initial evidence on the interaction between TnSR and TnTRAF2 molecules, as well as on the LPS-independent manner of binding.
To obtain further evidence, a mutant of TnSR based on the TRAF2-binding consensus motif (TYEE) was constructed, and the interaction between this mutant and TnTRAF2 molecules was examined. The TRAF2-binding consensus motif is highly conserved in many molecules of the TNFR superfamily, and it is confirmed to be an extremely important structure containing the interaction between TNFR and TRAF2 (44) . In the present study, Glu 13 , the last residue of TYEE, was replaced by Asp 13 in the mutated TnSR. The interaction was examined by the coimmunoprecipitation protocol, with the exception of a mutant construct (pcDNA6-TnSR-Mu) being used instead of pcDNA6-TnSR. The result showed that the interaction signals between the mutated TnSR and TnTRAF2 were not measured compared with that of wild-type TnSR control group (Fig. 10B) . This result clearly in- dicated that TnSR interacted with TnTRAF2 by its conserved TRAF2-binding site, and that Glu 13 may be a key residue.
T. nigroviridis SR downregulated LPS-induced NF-kB activation
To determine whether TnSR is involved in LPS-elicited inflammatory response, the NF-kB dual luciferase reporter system and the newly developed zebrafish embryo model were used. "Fold induction" was defined to illustrate the alteration of NF-kB activation, which was represented as the normalized ratio of RLU over an empty vector-uninduced control. The injection of zebrafish embryos (one cell stage) with different concentrations of LPS was found to induce significantly elevated (p , 0.05 or p , 0.01) NF-kB luciferase activation in a dose-dependent manner consistent with a few previous reports (35) . LPS at 0.3, 0.6, 0.9, and 1.2 mg/ml triggered 1.2 6 0.06-, 2.14 6 0.29-, 2.79 6 0.05-, and 2.39 6 0.42-fold activation of NF-kB, respectively, compared with the empty vector administered control (Fig. 11A) . In contrast, coinjection with LPS and pcDNA6-TnSR at different concentrations showed a significant decline in NF-kB activation compared with LPS induced alone (p , 0.01), even less than that in the uninduced controls (Fig. 11B) . Under 0.9 mg/ml LPS stimulation, the groups injected with pcDNA6-TnSR at concentrations of 25, 50, 75, and 100 ng/ml showed 0.84 6 0.05-, 0.45 6 0.06-, 0.25 6 0.08-, and 0.30 6 0.07-fold induction, respectively. Similarly, when treated with optimized pcDNA6-TnSR at 75 ng/ml and different concentrations of LPS (0.6, 0.9, or 1.2 mg/ml), the fold induction of NF-kB activation revealed a remarkable decrease (p , 0.01) (Fig. 11C ). In parallel, there was no significant difference among all groups administered pcDNA6-TnSR alone compared with the uninduced control (Fig. 11B) . These findings suggested the involvement of TnSR in the downregulation of NF-kB activation in response to LPS stimulation.
T. nigroviridis SR inhibited NF-kB activation by the competitive recruitment of TRAF2 TRAF2, as a pivotal adaptor, is involved in the TNFR-mediated signaling pathway (45) . LPS is a major inducer of the activation of inflammatory signaling pathways by inducing the production of inflammatory cytokines, including TNF-a. These observations led us to hypothesize that the negative regulatory effect of TnSR on LPS-stimulated NF-kB activation may be due to its competing with TRAF2 in the LPS-induced TNF-a signaling pathway. To confirm this hypothesis, a "reversely rescued" assay was initially performed to evaluate whether the TnSR-downregulated NF-kB activation can be rescued by ectopically overexpressing TnTRAF2. For this, pcDNA6-TnSR (75 ng/ml) and pCMV-TnTRAF2 (50 ng/ml) constructs were coinjected into zebrafish embryos under stimulation with LPS (0.6, 0.9, and 1.2 mg/ml). As shown in Fig.  11C , the fold induction of NF-kB activity in the TnTRAF2 and TnSR coexpressed groups exhibited remarkably increased fold changes of 1.27 6 0.11, 1.03 6 0.08, and 1.17 6 0.08, compared with the TnSR-expressed groups. This suggested that the TnSRmediated reduction of NF-kB activation was abolished by the overexpression of TnTRAF2.
To determine whether the competitive interaction of TnSR with TRAF2 was involved in TNF-a-induced NF-kB activation, several further experiments were conducted. First, we used zebrafish TNF-a (DrTNF-a) instead of LPS as a stimulus to induce NF-kB activation. The pCMV-DrTNF-a construct was injected into zebrafish embryos to express soluble DrTNF-a with a Flag tag. DrTNF-a protein with an expected molecular mass of ∼19 kDa was clearly identified by Western blot analysis with anti-Flag Ab (Supplemental Fig. 1 ) (37) . Upon injection with different concentrations of pCMV-DrTNF-a constuct, a dose-dependent fold induction of NF-kB was also observed. When compared with the uninduced control, the activation of NF-kB in the pCMV-DrTNFa-expressed groups at dosages of 20, 30, 40, and 60 ng/ml revealed significant elevation (p , 0.01) with fold changes of 1.37 6 0.16, 1.97 6 0.05, 2.71 6 0.08, and 1.97 6 0.09, respectively (Fig. 12A) . Second, we determined whether TnTRAF2 acted as an adaptor in the TNF-a signaling pathway in fish as it does in high vertebrates. NF-kB activation enhancement by TnTRAF2 was determined in embryos with TNF-a stimulation (administered with pCMV-DrTNF-a at 40 ng/ml). The overexpression of TnTRAF2 in embryos (administered with 25, 50, 75, or 100 ng/ml pCMV-TnTRAF2) obviously increased the fold induction of NF-kB, that is, 3.25 6 0.48-, 6.31 6 0.62-, 10.55 6 1.56-, and 26.19 6 1.32-fold, respectively (p , 0.01) (Fig. 12B) . This result suggested that the function of TRAF2 as an adaptor in the TNF-a FIGURE 10. TnSR does not directly mediate NF-kB activation, but binds to TnTRAF2. (A) HEK293 cells were transfected with pcDNA6-TnSR (400 ng/ ml) or pCMV-TnMyD88 (400 ng/ml) as a positive control or an empty vector along with dual luciferase reporter plasmids (NF-kB luciferase reporter at 100 ng/ml and pGL-TK Renilla luciferase internal control at 10 ng/ml). About 24 h after transfection, the cells were exposed to 10 mg/ml LPS for 6 h and lysed to assay the firefly and Renilla luciferase activities. Luciferase activity was normalized to pRL-TK activity. All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control in three independent experiments. **p , 0.01 compared with the control in each panel. (B) TnSR interacts with TnTRAF2 in zebrafish embryos (left) but the TnSR mutant in the TRAF2-binding consensus domain does not (right). One-cell-stage embryos were coinjected with pcDNA6-TnSR and pCMV-TnTRAF2 or pcDNA6-TnSR-Mu and pCMV-TnTRAF2 under LPS stimulation (0.9 mg/ml) or not. Lysates from 50 to 80 embryos were immunoprecipitated (IP) by anti-TnexSR Ab or rabbit IgG as a negative control and immunoblotted (IB) with anti-Flag Ab to TnTRAF2 fused with Flag tag. Approximately 5% of the total lysates were loaded as controls.
FIGURE 11. TnSR negatively regulates the NF-kB signaling pathway induced by LPS. (A) One-cell-stage zebrafish embryos were coinjected with NF-kB luciferase reporter, pRL-TK Renilla luciferase reporter plasmids, and different concentrations of LPS (0, 0.3, 0.6, 0.9, and 1.2 mg/ml). About 24 h after microinjection, the firefly and Renilla luciferase activities were assayed according to the manufacturer's instructions with five replicates (each containing extracts from 50 to 80 embryos). Luciferase activity was normalized to pRL-TK activity. Data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. (B) One-cell-stage zebrafish embryos were coinjected with dual luciferase reporter plasmids and pcDNA6-TnSR (0, 25, 50, 75, and 100 ng/ml) under 0.9 mg/ml LPS stimulation or not. All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. (C) One-cell-stage zebrafish embryos were coinjected with dual luciferase reporter plasmids and pcDNA6-TnSR (75 ng/ml) or pcDNA6-TnSR (75 ng/ml) and pCMV-TnTRAF2 (50 ng/ml) combination under LPS stimulation (0, 0.6, 0.9, and 1.2 mg/ml). All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control in three independent experiments. *p , 0.05, **p , 0.01 compared with the control in each panel.
pathway was not only conserved between Tetraodon and zebrafish, but also between teleosts and mammals. Finally, we investigated whether TnSR had an inhibitory effect on NF-kB activation under TNF-a as it did under LPS stimulation. The pcDNA6-TnSR, pCMV-TnTRAF2, and pCMV-DrTNF-a constructs were coinjected into the zebrafish embryos at different combinations. Fig.  12C shows that the administration of pcDNA6-TnSR (25, 50, and 75 ng/ml) with pCMV-DrTNF-a (40 ng/ml) significantly (p , 0.01) reduced NF-kB activation in contrast to that of only pCMVDrTNF-a-induced group, with fold changes of 1.06 6 0.15, 0.72 6 0.12, and 0.57 6 0.21, respectively. The levels of NF-kB activation in these experimental groups even dropped to lower than that of the uninduced control. However, when pCMVTnTRAF2 was supplied to the pcDNA6-TnSR-injected groups at 25 and 50 ng/ml, respectively, the downregulation of NF-kB by TnSR was significantly abolished, with fold changes of 2.23 6 0.54, 3.03 6 0.36, 2.19 6 0.21, and 3.89 6 0.34 compared with controls, which was similar to that under LPS stimulation (Fig.  12D) . In summary, the competitive recruitment of TRAF2 contributes to the downregulation role of TnSR in the LPS-induced TNF-a signaling pathway.
Functional deficiency of the T. nigroviridis SR mutant
The above results revealed that the wild-type TnSR molecule participated in the downregulation of NF-kB activation in the LPS-induced TNF-a signaling pathway by the competitive recruitment of TRAF2 adaptor molecule, although it failed to direct signal transduction. To obtain further evidence for this conclusion, a functional deficiency analysis was performed using the TnSR mutant. The optimized concentrations of stimulants (0.9 mg/ml LPS or 40 ng/ml pCMV-DrTNF-a) and receptor or adaptor expression constructs (75 ng/ml pcDNA6-TnSR-Mu and 75 ng/ml pCMV-TnTRAF2) were selected to be injected alone or coinjected into zebrafish embryos. NF-kB activation in response to the stimulation of LPS or TNF-a was then examined. The administration of mutant TnSR failed to downregulate LPS-or TNF-ainduced NF-kB activation. There was no significant (p . 0.05) decrease in the NF-kB luciferase reporter activities in the mutant TnSR-injected groups compared with the LPS-or DrTNF-a-induced alone groups and wild-type TnSR-administered groups, respectively. Accordingly, no "rescuing" effect was observed in the TnTRAF2 and mutant TnSR coadministered groups under LPS and DrTNF-a stimulation. The levels of NF-kB activation in coexpression of the mutant TnSR together with TnTRAF2 were similar to those of the TnTRAF2 and DrTNF-a coinjected groups (Fig. 13) . These functional deficiency results of the TnSR mutant in TNF-a-induced NF-kB activation were consistent with those of the binding disruption observed in the interaction assay examined by coimmunoprecipitation. This further supported the observation that TnSR played a negative regulatory role in TNF-a-induced NF-kB signaling by the competitive binding of TRAF2 in TNF-a signaling pathway to TnSR, and that mutation in the TRAF2-binding consensus of TnSR led to the functional deficiency.
Discussion
More than 30 years have passed since the observation of the role of class A SRs in modifying the forms of low-density lipoprotein uptaken and degraded by macrophages. After the first cloning and identification of bovine MSR, several additional SR genes and molecules have been reported, helping to define eight independent SR classes (46) . In the present study, a novel TnSR was first identified from T. nigroviridis according to the gene location of human SCARA5 as a homolog of mammalian SCARA5, adding a new member to the class A SR family. TnSR shared conserved structural features of class A SRs, but it had some specificity distinguished from SCARA5. For example, TnSR shared a similar coiled-coil domain and TRAF2-binding consensus motif with mammalian MSR rather than SCARA5, although the coiled-coil domain was not completely identical with MSR. Meanwhile, TnSR was analyzed to be closely related to MSR in the phylogenetic tree. These results suggested that TnSR may retain the functional characterization of MSR revealed in the innate immunity of higher vertebrates and be an ancient class A SR during the vertebrate evolution from teleost fish to mammals.
To describe the biology of TnSR, its expression pattern was determined. TnSR was found to be a cell surface receptor localized in the plasma membrane at homotrimer forms, consistent with the characterization of class A SRs observed in mammals. and 60 ng/ml) and dual luciferase reporter plasmids. Twenty-four hours after microinjection, the firefly and Renilla luciferase activities were assayed according to the manufacturer's instructions with five replicates (each containing the extracts from 50 to 80 embryos). Luciferase activity was normalized to pRL-TK activity. The data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. (B) One-cell-stage zebrafish embryos were coinjected with pCMV-TnTRAF2 (0, 25, 50, 75, and 100 ng/ml) and pCMV-DrTNF-a (40 ng/ml) along with dual luciferase reporter plasmids. All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. (C) One-cell-stage zebrafish embryos were coinjected with pcDNA6-TnSR (0, 25, 50, and 75 ng/ml) and pCMV-DrTNF-a (40 ng/ml) along with dual luciferase reporter plasmids. All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. (D) One-cell-stage zebrafish embryos were coinjected with different concentration combinations of pcDNA6-TnSR and pCMV-TnTRAF2, pCMV-DrTNF-a (40 ng/ml) along with dual luciferase reporter plasmids. All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. *p , 0.05, **p , 0.01 compared with the control in each panel.
The expression of TnSR can be dramatically induced by LPS stimulation in most examined tissues, that is, liver, intestine, spleen, kidney, skin, gill, muscle, and brain. LPS from bacteria is the widely accepted as the best characterized PAMP. In mammals, TLR4 is the key PRR responsible for LPS recognition and subsequent inflammatory responses by a MyD88-dependent or -independent manner (47, 48) . However, two TLR4-like molecules in zebrafish are confirmed to not be LPS signaling receptors and are paralogous rather than orthologous to human TLR4 (35, 36) . These observations give rise to an interesting question of how teleost fish recognize LPS and mediate the LPS-induced immune response, and they suggest that TnSR may be involved in LPSinduced immune responses.
To examine this suggestion, TnSR was functionally characterized. First, we detected the ability of TnSR to recognize LPS. In binding ELISA, the soluble TnexSR molecule was found able to bind with LPS in a dose-dependent manner. In the internalization assay by FACS, the fluorescence increased with increased amounts of FITC-LPS incubated in leukocytes. The internalized LPS was dramatically inhibited by blocking TnSR on plasma membrane using anti-TnexSR Ab with an optimal effect of ∼70% when the leukocytes were pretreated with 20 mg/ml anti-TnexSR Ab, followed by stimulation with 2 mg/ml LPS. In the assay, leukocytes were washed thoroughly to remove unbound LPS, but the membrane-impermeable dye trypan blue was not used to quench extracellular fluorescence, including that associated with the cells but not the internalized fluorescence of viable cells (49) . Thus, the fluorescence determined by FACS included FITC-LPS uptake by live cells and FITC-LPS binding with leukocytes. The FACS results reflected that LPS was recognized and/or internalized by fish leukocytes via TnSR. These findings indicated that TnSR mediated the recognition and internalization of LPS. Subcellular distribution analysis clearly revealed a kinetic change in the colocalization signals between TnSR and surface membranes, as well as lysosomes after LPS challenge. It also provides evidence that internalized LPS may be merged and degraded in lysosomes during TnSR-mediated endocytosis. Therefore, one principal function of TnSR may be its participation in the clearance of endotoxin or Gram-negative bacterial pathogens included in the first line of host defense in fish. In the CD14-negative endothelial cells of mammals, SR-dependent pathways play roles, although LPS is predominantly taken up via CD14-mediated pathways (50) . A recent study on the synergy of TLR4 and MSR in mice has shown that MSR deficiency is functionally dominant over TLR4 deficiency with regard to the phagocytosis of live E. coli by bone marrow-derived dendritic cells, and that TLR4 deficiency does not affect MSR-mediated endocytic trafficking (51) . These findings suggest that SRs may play roles in pathogen discrimination and clearance independent of TLR4 and CD14. The fact that TnSR expressed in the leukocytes of T. nigroviridis, which is known to have no CD14 and TLR4 molecules, contributed to the recognition and phagocytosis of LPS supported the suggestion that SRs played roles independent of CD14 and TLR4. However, further studies are needed for clarification. FIGURE 13 . TnSR mutant does not regulate the NF-kB signaling pathway induced by LPS and zebrafish TNF-a. One-cell-stage zebrafish embryos were coinjected with pcDNA6-TnSR-Mu (75 ng/ml) and a combination of pcDNA6-TnSR-Mu (75 ng/ml) and pCMV-TnTRAF2 (50 ng/ ml), or empty vector (mock) with equal concentration, along with dual luciferase reporter plasmids under stimulation of LPS (0.9 mg/ml) or pCMVDrTNF-a expression (40 ng/ml) or not. About 24 h after microinjection, the firefly and Renilla luciferase activities were assayed according to the manufacturer's instructions with five replicates (each containing the extracts from 50 to 80 embryos). Luciferase activity was normalized to pRL-TK activity. All data are presented as the normalized mean fold induction of NF-kB luciferase reporter activity 6 SD over an uninduced empty vector control. Second, we investigated the potential function of TnSR in LPSelicited immune responses apart from its role in LPS recognition and internalization. The zebrafish embryo model employed for this purpose was suitable to understand the LPS-induced inflammatory response of fish, which showed enhanced NF-kB luciferase reporter under LPS stimulation compared with the unstimulated controls, although fish are resistant to LPS at doses of 10-50 mg/ml (52, 53) . Unexpectedly, NF-kB reporter induction in the embryos with TnSR expression was found to be dramatically decreased under LPS. This result may be confusing because class A SRs in mammals are considered not to be signaling PRRs or signaling regulatory receptors owing to the absence of a domain for signal transduction, such as Toll/IL-1R and leucine-rich repeats. In our study, TnSR was indeed shown not to mediate direct signaling in HEK293 cells, which contained intact downstream components of the NF-kB pathway. A TRAF2-binding consensus motif predicted by a structural analysis led us to suppose that TnSR may play its negative regulation in LPS-induced NF-kB activation by competing with TRAF2 in the LPS-elicited TNF-a signaling pathway. Therefore, pCMV-TnTRAF2 was constructed and coexpressed in embryos with pcDNA-TnSR or pcDNA-TnSRMu; the latter was point mutated on a TRAF2-binding consensus motif. As expected, coimmunoprecipitation analysis showed that TnSR was able to interact with TnTRAF2, but TnSR-Mu had no such ability to bind with TnTRAF2, indicating that the predicted TRAF2-binding consensus motif in TnSR was a real functional site for the interaction of the receptor with TRAF2. When TnTRAF2 was coexpressed with TnSR, the reduction of NF-kB activation in response to LPS stimulation was quenched. This result indicated that the inhibitory effect of TnSR on NF-kB activation can be "rescued" by the supplementation of TRAF2 back into the signaling pathway. The result also provides evidence that a TRAF2-competitive binding mechanism existed between TnSR and the TNF-a/TNFR pathway.
LPS can stimulate leukocytes to produce powerful inflammatory mediators, such as TNF-a and IL-1b, or increase the expression of these cytokine genes by NF-kB signaling in several fish species (30, (54) (55) (56) (57) . TNF-a is the main factor responsible for the cytotoxic effects of LPS during endotoxin shock in mammals. TNF-a exerts its function by binding to TNFR containing TNFR1 and TNFR2, and TNFR1 was revealed to initiate most biological activities of TNF-a (58). TNF-a/TNFR1 triggers a series of intracellular events that ultimately results in the activation of two major transcription factors, NF-kB and c-Jun. TRAF2 is required for the activation of NF-kB by receptors in TNFR, which is a key mediator or adaptor recruited to receptor complex, followed by the activation of a kinase cascade that results in the phosphorylation of IkB. In the present study, the plasmid pCMV-DrTNF-a, which was expressed in zebrafish embryos with soluble DrTNF-a protein, was constructed to validate further the role of TnSR and TnTRAF2 in immune response under the stimulation of TNF-a. It was shown that DrTNF-a had a powerful effect on NF-kB luciferase reporter in zebrafish embryos, and the administered dosage of the plasmid construct was optimized to be 40 ng/ml, where no abnormal development of embryos appeared 24 h after injection. The expression of TnTRAF2 in embryos also showed a dosedependent elevation of NF-kB activation under DrTNF-a. This result indicated that the ectopically expressed TnTRAF2 worked well in zebrafish embryos, including intact connections of the TNF-a/TNFR signaling network that can be well used by TnTRAF2. Several comparative studies on TNF-a/TNFR pathway members support this observation. For example, TnTRAF2 shares high sequence identity and conserved functional domains with zebrafish TRAF2 molecules (Supplemental Fig. 2) , which provides a structural basis for TRAF2 molecules in pathway investigations across fish species. TNF-a/TNFR pathway components, including TNF-a, TNFR, and TRAF2 molecules, are also constitutively expressed during the early embryogenesis (0-24 h after fertilization) of zebrafish (Supplemental Fig. 3) , making zebrafish embryos a good model for the study of TNF-a/TNFR signaling because the embryos included the intact connections of the TNFa/TNFR signaling pathway. The activation of NF-kB inhibited by TnSR under DrTNF-a stimulation was found be similar with that under LPS conditions. TnTRAF2 can also rescue or compensate this impairment attributed to the expression of TnSR in zebrafish embryos. However, mutant TnSR failed to regulate NF-kB activation initiated by LPS and DrTNF-a compared with the behavior of wild-type TnSR. These data verified our hypothesis that TnSR was involved in the negative regulation of NF-kB activation by the interference of the TNF-a signaling pathway aimed at TRAF2.
In summary, the present study pioneered the validation of a class A SR member from bony fish. Functional characterization elucidated that TnSR serves as a pivotal negative regulator in innate immunity triggered by LPS (Fig. 14) . On the one hand, TnSR has the capacity to recognize, bind, and internalize LPS to intracellular digestion to awaken the deleterious effects of LPS on organisms. On the other hand, TnSR inhibits the activation of NFkB by competing with TRAF2 recruitment into the TNF-a signaling pathway induced by LPS to avoid or alleviate strong inflammation. The data conferred new knowledge on the tolerance to LPS of fish although LPS is highly immunogenic, on the roles of SRs as PRRs in vertebrates, as well as on the evolutionary history of class A SRs. (http://www.ncbi.nlm.nih.gov/protein/NP_033448); TRAF2_rat NP001101285
